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Structure and physical properties 

nucleus 

Atom 
Periodic table: only about 100 kinds 

Arrangement of atoms (structure) is important                   
           for the determination of the physical properties 

An infinite of materials 
exist around us! 

Electron 



C: atomic number 6   

Pencil 

Graphite 

lead 

Diamond 

3D network 

Fullerene 

C６０ 

Nanotube 

Importance of the understanding of the structure 



Structure vs. Physical properties/functions 

Crystal  (ABO3) 

Perovskite structure 

Colossal Magneto-Resistance effect 
Magneto-electric effect 

Variety of physical properties 

Ferro-electric 
+ + + + + + + + + 

- - - - - - - - - 

Superconductor 

Magnetic compound 
Ferro-magnetic 

Anti-ferro-magnetic 

Dielectric compound 

Structure dominates the physical properties 
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Wave  diffraction 

Slit Plane wave 

Diffraction 

circular wave 



Wave Diffraction 

Interference pattern 

Distance and width of slits 

Determination of the structure 
Plane wave 

X-ray diffraction technique 



X-ray scattering of one electron 

E0 

Incident x-ray Electron 

 Equation of motion of the electron 

simple harmonic oscillation 

 Electric dipole 

Induced emission: Spherical wave 

E(r) ∝ eikr 

 Equation of motion of the electron 

 Electric dipole ←  E0 



X-ray scattering from material 

 Scattered x-ray from an electron 

 Scattered x-ray from dv 

Phase shift = 2(x+y)/(k-k’)・r 

(2x/2r sinq/k・r )

(r) dv  exp[i (k-k’)・r] 

Scattering amlitude 

spherical wave: E(r) ∝ eikr 

Material 

x y 
dv 

Optical path difference : x+y 

 X-ray scattering from material 

Structure factor: F(q)      ( q=k-k' ) 

X-ray scattering intensity: ∝|F(q)|2 

(r) 



X-ray scattering from material 

i.e. Neutron scattering： nuclear & spin density 

Electron density Structure factor 

Crystal structure X-ray scattering  F(q)   (r), 

Fourier transform of (r) 



X-ray scattering from crystal 

a 

Laue function (r) in unit cell 

1D periodic structure 

geometric series 

Laue function 

＝0    

≠ 0    ( if qa/2 =  n)
Reflection 
 condition 

n: integer 



Bragg's Law 

q 

k 

k’ 

2q

q =2k sinq
=2(2/) sinq

 2asinq=n

q = k-k’ 

qa/2 =  n

q=2n/a ＋ 

Reflection condition 

Bragg's law 

2(2/) sinq= 2n/a Incident x-ray 

Scattered x-ray 

(n: integer) 

[F(q)] 



Bragg's Law 

d 

q



Optical path difference :  2dsinq0= n x 
Bragg condition 

q0

Lattice plane 

Wavelength 

q

Plane distance: d 

q

intensify 

Fourier transform of (r) 



Lattice planes 

d1 



Lattice plane q

d3 d2 

d4 

q



Diffraction pattern 

X-ray 

k 

k' 

k 

k’ 

2q
 2ksinq= q = 2/d 

Bragg's law 

 single crystal 

oscillation 



Powder x-ray diffraction 

X-ray 

k 

k' 

 Powder sample 

random crystal orientation 

 Debye ring 



X-ray diffraction technique 

Bragg's Law: 2dsinq=n

Peak position 

Size of unit cell 

 X-ray Intensity 

Electron density map in unit cell 

Crystal structure 

Fourier transform of (r) 
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Ferro-electric compound 

FeRAM  Memory 

Piezoelectric element Para-electric 

Ferro-electric 

Ｐ Ｐ Ｐ Ｐ 

+ - + - + - + - 

+ - + - + - + - 

Polarization Ｐ Ferro-electric 

+ + + + + + + + + 

- - - - - - - - - 



Origin of the polarization 

Electron density map 

PbTiO3 

Anisotropic electron distribution! 

P
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Field induced Metal-Insulator transition 

Colossal magnetoresistance (CMR) effect 

Magnetic 
  field 

Metal 

Insulator Mn3+

Mn4+

Charge ordering 

Pr0.55(Ca1-ySry)0.45MnO3 



Charge ordering observed by XRD 

Phase transition (Charge ordering) 

Z-0.5 Z+0.5 

a 

2a 

2/a 

/a 

IF 

Superlattice reflection IS 

IF : IS ~ 4Z2 : 1 
IS: reflecting the difference of one electron 

Fourier transform  

Resonant x-ray scattering technique 

To detect weak signal Is,   

F(q)： Reciprocal lattice space (r)  Real space 



K 

L1 

L2 

L3 

M1 

M2 

M3 

M4 

M5 

K-absorption 

L 

M f  = f0(Q) + f’(E) + if’’(E) 

Anomalous scattering term 

Resonant x-ray scattering technique 

Selective information: 
    Element: Absorption energy depends on the atom 

    Shell:  K-, L-, M-…..   edge 

X-ray diffraction  →   Periodicity 

・Chemical shift  -  Charge state 
・Tensor of ASF  -   Strongly reflect the local symmetry 
            Orbital state 
            Chemical bond 
・Spin state 

Local state around the absorbed atom 

Atomic scattering factor (ASF): Structure factor 
                                                            of one atom 



~ 3 eV 

Pr3+Mn3+O(O2-)3 

ASF of Mn ion 

Sr2+Mn4+O(O2-)3 

La3+Mn3+O(O2-)3 

Mn K-edge 

Anomalous scattering term 

f  = f0(Q) + f’(E) + i f’’(E) 

=  f(Mn3+)-f(Mn4+) term  



RXS study in La0.5Sr1.5MnO4 

Existence of Mn3+& Mn4+ 
   Charge ordering 

Charge  
  ordering 

Disorder 

Mn K-edge 

Y. Murakami et al., 
    PRL 80 (1998) 1932. 



Summary 

 Structure and physical properties 

 How to determine the structure 

Principle of X-ray diffraction 

 Scientific applications 

Dielectic:  origins of electric polarization 

Next lecture :    Powder x-ray diffraction 

CMR:  Insulator & Metal phases 


